The variable renewable wind and solar resources have experienced a significant growth on its rate of deployment as a clean and competitive alternative for conventional power sources in Jordan. However, the variability of these sources have brought many technical challenges to grids. This paper presents a hybrid system that provides a firma capacity and improves dispatchability with an interesting financial perspective. This hybrid system includes a wind farm and a concentrated solar power plant with thermal energy storage. The performance analysis was conducted in terms of final yield and capacity factor, while the economic analysis investigated the levelized cost of electricity LCOE. The hybrid plant was simulated and optimized using TRNSYS 17 energy simulation software, minimizing the LCOE and considering a capacity factor higher than 65% as a constraint. Solar multiple and storage size were considered as decision variables. A strong complementarity between wind and direct normal solar radiation was observed in the selected location in Jordan, which emphasizes the attractiveness of the selected hybrid system. The optimal configuration of the CSP-wind hybrid system was obtained with a solar field of a 2.6 solar multiple and a 5 hours energy storage. The achieved capacity factor was 94 %, and the LCOE is lower than those resulted for standalone CSP plants.
INTRODUCTION
Increased penetration of renewable energy occurs during the periods of high availability of solar sources. The generated energy may exceed the grid limits and a curtailment of these sources may be required. The economic limit on the penetration of such renewable sources occurs depending on the grid flexibility. The grid flexibility can be improved by introducing suitable energy storage systems. The concentrated solar power with thermal energy storage system is an important option for both the flexibility of the grid and the energy storage systems. It constitutes a relatively cheap energy storage system compared to other storage technologies. One of the main barriers to the commercial development of CSP technology is its high capital cost and therefore its high electricity production cost. On the other hand, wind as an energy source is considered as relatively low cost. However, its power output is variable due to the wind speed variations. Hybridization of CSP with wind technologies combines the low cost of electricity generation of wind and relatively cheap thermal energy storage option by CSP Plants.
Considering the weather conditions and market demand profile in Jordan, a scenario was modeled, simulated, and evaluated in terms of dispatchability and firmness. As such, despite the ability of CSP to supply electricity on demand through cost-effective thermal energy storage, lower cost wind electricity has achieved much larger market penetration. However; the increased grow of non-dispatchable renewable electricity in the grid has resulted in a greater focus on the controllable generation. The controllable generation can guarantee the security of supply and reduce the constraints on the transmission system.
RESEARCH OBJECTIVE
In this context, the research assessed the Hybrid CSP technology as a solar energy configuration which meets predictability and dispatchability conditions; especially where the energy demand is high relative to the energy storage and primary resources.
The main objective of this study is to introduce a real CSP-Wind scenario for the current weather and market conditions in Jordan. The specific aims of this project are: 1) to evaluate the dispatchability and firmness for a selected hybrid CSP-Wind system plant, 2) to assess the advantages and technical constraints for applying such plants in Jordan, 3) to evaluate the levelized cost of electricity (LCOE) for the plants in Jordan
METHODOLOGY
The research work is based on the simulation of the proposed hybrid system plant. The simulation of the plant requires data collection on the weather conditions and the technical parameters of the system in addition to the related published results of similar topics in the field. The following steps describe the methodology adopted for carrying out this study.
• Step (1): Literature review is carried out, including the overview of the related studies in the field.
• Step (2): Hybrid model consisting of CSPWind system plant to meet a base load demand was proposed.
• Step (3): The size of the grid connected Hybrid CSP-Wind system plant was selected as 50MWe. This scale was chosen to make use of the available technical parameters of similar CSP plant scale like Andasol 350 MW.
• Step (4): TRNSYS17 was used to simulate the grid connecting the system plant. Geographical location and metrological data of the selected location (Ma'an -AL-Shoubak) city was used. Technical input (CSP collectors) data were obtained from the design document related to a CSP plant which published data for a same size plant (Solar Millinium, 2015) • Step (5): Hybrid model technical performance analysis was carried out. Efficiency and capacity factor of the hybrid system plant were calculated.
•
Step (6): Different scenarios for the proposed CSP plant were assumed, 1) CSP without storage system, 2) CSP with storage system. • Step (7): For each scenario, the capacity factor of the CSP plant was calculated • Step (8): Based on the above, results were concluded.
HYBRID CSP-WIND SYSTEM PLANT MODELING
The system Plant designed consists of three blocks: solar field, storage system, and a power block which is shown in Figure 1 .
The CSP power plant consists of three blocks: solar field, storage system, and power block. The solar field consists of the collector array which collects the incident solar rays and concentrates it on a focal line with heat transfer fluid (HTF). The HTF transfers the solar heat to the storage system and to the power block where the electricity is generated. The storage system consists of a heat exchanger to exchange the heat between the HTF and the storage medium. Additionally, there is a storage tank which consists of hot and cold tanks containing the molten salt. The power block consists of a heat exchanger, steam turbine, and a generator in order to convert the solar energy to electricity. The wind power plant consists of a number of wind turbines. The electricity generated by these turbines is directly injected to the grid.
The proposed system plant consists of these two plants as a hybrid configuration in order to benefit from both renewable energy sources. In the case of feasible wind speed, the produced wind energy will be injected directly in the grid, and if the electrical power produced from the wind turbine does not meet the demand, the remaining power will be injected from the solar thermal power plant, where a solar radiation and thermal energy conversion to the electrical energy is carried out through the steam turbine. In the case when both energy sources (solar and wind) meets the desired electrical power generation, and there is remaining thermal energy, it will be stored in the storage system, which will be used when there is lack of solar radiation and wind power generation.
Electrical demand is to be met by the wind turbines in first place. Then, if there is still a shortage of the injected power to the grid, the solar thermal plant will compensate it. Consequently, in the case of abundant solar radiation and thermal energy production, a production of superfluous thermal energy will occur. This energy should be returned to the storage system tank; hence, an increased storage system size is needed. However, when the thermal and wind energy sources fit the demand for most of the day for the entire year, the hours of power generation shortage will decrease, so the needed storage capacity will decrease as well.
The hybrid CSP-Wind system was modeled and simulated; a detailed description of the model is found in the following sections. The model in the figure 1 was developed and simulated using TRNSYS software, as shown in Figure 2 .
SIMULATION RESULTS
In order to conduct a performance analysis for the hybrid system plant under study, several parameters were calculated. The solar multiple is a way to express the solar field aperture area as a function of the power cycle capacity. A solar multiple of 1 is the aperture area required to deliver sufficient thermal energy to the power cycle to drive it at its nameplate capacity under the designed conditions. The desired usable thermal capacity of the storage system is the multiplication of the design point power cycle thermal load, and the required storage hours. The net capacity factor of the system plant is the unitless ratio of an actual electrical energy output over a given period of time to the maximum possible electrical energy output over the same amount of time.
The maximum possible energy output of a given installation assumes its continuous operation at full nameplate capacity over the relevant period of time. The grid output is the total energy output of the CSP plant, and the energy output of the wind plant.
REQUIRED SOLAR FIELD
The simulation results of the parameters of the CSP power plant at solar multiple 1 with storage volume 20,000 m 3 is shown in Figure 3 . The maximum power production reached for this configuration was 49,116 kW. The capacity factor of the CSP plant was 0.31, while the overall capacity factor of the system plant was 0.58. The power output of the grid is shown in Figure 4 . Figure 4 shows the shortage of the power generation where there was no feasible power generation from the solar thermal power plant, low solar radiation, and shortage of the storage capacity to compensate this drop in the power generation. Furthermore, there was no feasible wind generation at these times during the year.
In order to meet the minimum drops at the grid output, i.e. during the winter season and cloudy days, and to increase the capacity factor of the proposed PTC system, the solar multiple should be enlarged. In order to calculate the optimal solar field area; different trials were carried out, i.e. by changing the solar multiple (SM) value between 1-3.5. The same procedure was applied for the options. The results are summarized in Figure 5 .
In the figure above, it may be noticed that the overall capacity factor of the system plant increases when the solar collector area is increased as well. Furthermore, it should be noticed that when the volume of the storage tank increases, the capacity factor of the system plant increases too.
Increasing the volume of the storage tank will enhance the capacity factor of the system plant until the enhancement reaches a limit, where the capacity factor increases by small percentage. The capacity factor for the system plant at a solar collector area 800,000 m 2 which corresponds to solar multiple (SM) = 2.6, and when the storage volume is 30,000 m 3 is 0.77. This capacity factor happens also where the collector area 1000,000 m 2 which corresponds to SM = 3.3, and when the storage volume is 20,000 m 3 . Further increase of the solar collector area and storage volume results in a little enhancement of the capacity factor. The first option where the SM = 2.6, and the storage volume = 30,000 m 3 is chosen as the optimum combination of the collector area and the storage volume. From the economical point of view, the increase in the storage volume is less expensive than the increase of the total collector area.
The power generation from the CSP plant reached 49.5 MW, and the storage capacity reached 5.2 hours. The monthly energy production from the CSP and wind power plants are presented in Figure 6 . The power output of the wind plant during the entire year is illustrated in Figure 7 .
The figure above indicates that the rated power of the wind turbine reached 48,000 kW; hence, the capacity factor of the wind farm could be calculated from the following equation: CF(wind) = ∑ wind turbine output per year/ (rated power*8760) = 112,770,823.6 /420,480,000 = 0.27. On the other hand; the power output of the CSP [SM=2.6, storage size =[30,000 m 3 ] plant for the selected location is presented in Figure 8 .
This figure shows that the rated power output of the CSP plant was 49,503 kW, and hence, the capacity factor for the CSP plant is: CF (CSP) = ∑CSP energy output/rated power · 8760 = 309,643,876/438,000,000 = 0.71
The overall efficiency of the plant calculated as the following: ∑CSP output energy/∑DNI = 309,643,876/9,754,599.6 = 0.31
STORAGE CAPACITY
In order to calculate the storage capacity of the model storage system, the outlet temperature of the solar collector under study is shown in Figure 9 . Figure 9 indicates that the outlet temperature of the solar collector dropped below 220°C in several hours during the year, but the CSP plant 
ECONOMIC ASSESSMENT OF THE HYBRID CSP WIND PLANT
This section explains the LCOE approach developed and used for the calculation of the cost of solar CSP and Wind electricity. LCOE enables the energy planners and policy makers to compare the generation costs of conventional and renewable resources. Equation 1 describes the LCOE model used in Jordan.
where: LCOE -levelized cost of electricity per unit in period t, T -economic life of project, t -year, I t -initial investment, O t -operation and maintenance costs, r -discount rate, S t -rated energy output in period t=0, d -annual module degradation factor. By adopting the same procedure and calculating the overall LCOE for the Hybrid CSP/wind System, it was found to equal 0.0454 JOD/kWh.
CONCLUSIONS
The Hybrid system plant is simulated and a performance analysis is conducted in the paper, yielding substantial results. It is found that operating the wind plant alone will result in a capacity factor of 27%. In addition, operating the CSP plant with 5 hours energy storage system results in a capacity factor of 71%. The hybridization of the CSP and wind power plant results in the overall capacity factor of 94%.
From an economical point of view, the LCOE after operating the wind plant reaches about 0.029 JOD/kWh, while the LCOE for the CSP plant reaches about 0.058 JOD/kWh. Hybridization of the wind and CSP energy sources leads to overall 
